recruitment following il-MCAo, and absence of neutrophils after sham operation. Confocal microscopy identified neutrophils in the leptomeninges from 6 h after the occlusion, in the cortical basal lamina and cortical Virchow-Robin spaces from 15 h, and also in the cortical brain parenchyma at 24 h. Neutrophils showed signs of activation including histone-3 citrullination, chromatin decondensation, and extracellular projection of DNA and histones suggestive of extracellular trap formation. Perivascular neutrophils were identified within the entire cortical infarction following c-MCAo. After il-MCAo, neutrophils prevailed in the margins but not the center of the cortical infarct, and were intraluminal and less abundant in the striatum. The lack of collaterals to the striatum and a collapsed pial anastomotic network due to brain edema in large hemispheric infarctions could impair neutrophil trafficking in this model. Neutrophil extravasation at the leptomeninges was also detected in the human tissue. We concluded that neutrophils extravasate from the leptomeningeal vessels and can eventually reach the brain in experimental animal models and humans with prolonged arterial occlusion.
Introduction
The only treatment showing efficacy in acute ischemic stroke is thrombolysis with recombinant tissue plasminogen activator (tPA) when it is administered within the first 4.5 h after symptom onset. However, a majority of stroke patients arrive to the hospital later than 4.5 h and cannot be treated with tPA [16] . It is estimated that spontaneous recanalization of the occluded vessel occurs in only one quarter Abstract Neutrophils are rapidly recruited in response to local tissue infection or inflammation. Stroke triggers a strong inflammatory reaction but the relevance of neutrophils in the ischemic brain is not fully understood, particularly in the absence of reperfusion. We investigated brain neutrophil recruitment in two murine models of permanent ischemia induced by either cauterization of the distal portion of the middle cerebral artery (c-MCAo) or intraluminal MCA occlusion (il-MCAo), and three fatal cases of human ischemic stroke. Flow cytometry analyses revealed progressive neutrophil recruitment after c-MCAo, lesser neutrophil 1 3 of the stroke population by 24 h of clinical onset [46] and in up to half of the patients by 1 week [39, 51] . However, the benefits derived from such a protracted recanalization are negligible. In sharp contrast with these data that illustrate that the archetypical stroke patient in the clinic suffers long lasting or permanent ischemia, most experimental studies are performed using experimental models of transient brain ischemia [29] .
Acute ischemic stroke is a hypoxic-ischemic disorder associated with a sterile inflammatory reaction [7] . Ischemic injury triggers an immune response that promotes immune cell migration and infiltration to the brain parenchyma according to an orchestrated temporal pattern [23, 30] . Neutrophils have received special attention for many years as these cells have a remarkable destructive potential, either through the direct neurotoxic effects from the release of proteolytic enzymes [1, 48] , or through indirect effects that result from intravascular neutrophil accumulation, capillary blood flow obstruction and the no-reflow phenomenon [14, 15] . Experimental studies showed that neutrophils migrate to cerebral ischemic regions during the first few hours after the onset of ischemia. However, they have not determined the exact anatomic location of neutrophil infiltration within the neurovascular unit and brain parenchyma [4, 15, 22, 24, 52] . More recently, it has been disputed whether neutrophils are able to cross the multiple physical barriers in the blood-brain barrier (BBB) that separate the intracerebral vessel lumen from the brain parenchyma after ischemia/reperfusion, or whether neutrophils penetrate the parenchyma in sufficient numbers to be of clinical significance [18] . Alternatively, it has been posited that the neurovascular unit is the site of neutrophil action after CNS ischemia/reperfusion [18] .
So far, interventions aiming to prevent neutrophil recruitment to the ischemic brain have not shown benefits in human stroke [34] . In experimental animals, several lines of evidence support a pathogenic role of neutrophils in ischemia/reperfusion but not in permanent ischemia [9, 10, 21, 32, 45, 53] . However, increased numbers of neutrophils have been detected after permanent brain ischemia and infiltration into the parenchyma was found to begin 12 h after the onset of the arterial occlusion [8, 22, 52] . Remarkably, increasing data attest that neutrophils cross talk and shape the maturation and effector functions of other leukocytes, show diverse phenotypes [12, 19] , and could play an important role in several pathological conditions [31, 36, 40] . In this study, we investigated the route of entry of neutrophils to the brain while the circulation remained arrested in experimental models of permanent occlusion of the middle cerebral artery (MCAo) in mice. In addition, we assessed the anatomical localization of neutrophil infiltration in fatal cases of human stroke.
Methods

Animals
Adult (3-4 months old) Balb/C male mice (n = 89) were purchased from Charles River (Lyon, France). Animal work was carried out according to the local regulations and in compliance with the Spanish laws (Real Decreto 53/2013) following the Directives of the European Community and with approval of the Ethics Committee (CEEA) of University of Barcelona.
Brain ischemia Focal brain ischemia was induced by permanent right MCAo in mice, either by cauterization of the distal portion of the MCA (c-MCAo) (n = 43), or by intraluminal MCA occlusion (il-MCAo) (n = 28). c-MCAo restricts blood flow within a limited portion of the cortex, whereas il-MCAo affects the entire MCA territory causing striatal and cortical infarctions. A detailed description of the experimental procedures is provided in the Supplementary Materials. In brief, c-MCAo was carried out under isoflurane anesthesia as reported [43] . Two mice were excluded from the study due to unsuccessful surgery. None of the mice died during the study. For sham operation (n = 7), all surgical procedures were carried out but the MCA was not cauterized and the mice were killed at 24 h. To exclude any effects of cauterization, in a small group of mice (n = 3) we carried out MCA ligature (8/0 black-braided silk suture) and the mice were studied at 24 h. il-MCAo was performed under isoflurane anesthesia introducing a filament through the right internal carotid artery up to the level where the MCA branches out, as reported [13] with modifications. Cerebral perfusion was assessed with laser Doppler flowmetry (Perimed AB, Järfälla Sweden). Three mice died before 24 h after il-MCAo. Sham-operated mice (n = 4) were subjected to surgery but the filament was only briefly introduced into the internal carotid artery and was immediately removed, and mice were killed after 24 h. Control mice (n = 4) were naïve mice not subjected to surgery or anesthesia.
Isolation of cells from tissues
Mice were anesthetized and transcardially perfused with 40 mL saline. The ischemic brain tissue (ipsilateral to the MCAo) and the identical regions of the non-ischemic hemisphere (contralateral) were dissected out and analyzed separately. For the c-MCAo model the cortex was dissected out, whereas for the il-MCAo model the dissected tissue included the cortex and the striatum. The tissue was processed to obtain cells as described in Supplementary Materials.
Flow cytometry
Isolated brain cells were processed as described in the Supplementary Materials and incubated with the following primary antibodies: rat anti-mouse CD11b (clone M1/70, Alexa Fluor 647, BD Pharmingen), CD45 (clone 30-F11, FITC, BD Pharmingen), and Ly6G (clone 1A8, PE-Cy7, BD Pharmingen). Isotype controls were rat IgG2bκ (clone A95-1, Alexa Fluor 647 or FITC, BD Pharmingen), rat IgG2a (FITC, Hycult Biotech), and rat IgG2aκ (clone R35-95, PE-Cy7, BD Pharmingen). Data acquisition was carried out in a BD FacsCantoII cytometer (BD Biosciences) using the FacsDiva software (BD Biosciences). Data analysis was carried out with FlowJo software (version 7.6.5, TreeStar Inc., Ashland, OR, USA). Flow-Count Fluorospheres (Beckman-Coulter) were used for absolute cell number quantification.
Immunofluorescence
Mice were anesthetized with isoflurane and perfused intracardially with saline followed by paraformaldehyde (PFA, 4 %) in phosphate buffer (pH 7.4). The brain was removed, post-fixed with PFA overnight, cryoprotected in 30 % sucrose, frozen, and 14-μm-thick sections were obtained in a cryostat. The sections were fixed with ethanol, blocked with normal serum and incubated overnight at 4 °C with combinations of primary antibodies (see Table 1 ). We generally combined antibodies made in different species to avoid cross-reactions. Then, sections were incubated for 2 h at room temperature with secondary antibodies (Alexa Fluor-488, -546, -647, LifeTechnologies). Immunoreaction controls were always carried out by omission of the primary antibodies. Sections were counterstained with either 4′,6-diamidino-2-phenylindole (DAPI) or ToPro-3 (Invitrogen) to visualize the cell nuclei and they were observed under a confocal laser microscope (Leica, SP5 or TCS SPE).
Postmortem tissue of stroke patients
The brains of three patients suffering from acute stroke who died between 1 and 5 days after stroke onset at the Stroke Unit of the Hospital Clinic of Barcelona were used in this study, after obtaining written consent from their families for tissue removal after death for diagnostic and research purposes at the Neurological Tissue Bank of the Biobank-Hospital Clinic-Institut d'Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS). The study had the approval of the Ethics Committee of this Hospital. The patients included two women and one man, and had a mean age of 84.7 years (ranging from 79 to 89 years). A summary of the characteristics of the patients is shown in Table 2 . All patients had radiologically confirmed ischemic infarcts. These infarcts affected the territory of the middle cerebral artery in one case and the cerebellum in two cases ( Supplementary Fig. 1 ). The elapsed time from stroke onset to death ranged from 1 to 5 days, and the time from death to autopsy ranged from 3 to 4 h. An expert neuropathologist (EG) dissected the ischemic core, the peripheral region, the leptomeninges, and a portion of non-ischemic tissue obtained from an unaffected region distant to the infarction ( Supplementary Fig. 2 ). Samples of the tissue from each region were either formalin fixed, paraffin embedded and sectioned in a microtome at 5 µm, or embedded in OCT and immediately frozen in liquid nitrogen for later sectioning in a cryostat at 5 µm. Paraffin sections were stained with hematoxylin and eosin, or were used for immunohistochemistry applying a rabbit polyclonal antibody against myeloperoxidase (Table 1) , and processed with the avidin-biotin peroxidase (ABC, Vector, Vectastain, Palex Medical S.A., Sant Cugat del Vallés, Spain) method. Cryostat sections were processed for immunofluorescence as described above with the antibodies listed in Table 1 . For cell counting, we obtained 5-6 immunofluorescence pictures for each brain region using the ×40 objective in two different sections. The numbers of immunoreactive cells located either within the vessel lumen (intravascular), surrounding the . c Quantification of brain tissue neutrophil numbers obtained after 10 min (n = 2), 3 (n = 5) and 15 (n = 9) hours, and 1 (n = 8), 2 (n = 3), and 15 (n = 2) days after c-MCAo are shown for the ipsilateral and contralateral hemispheres. Two-way ANOVA by time and hemisphere followed by the Bonferroni post hoc test shows significant increases at 1 day in the ipsilateral versus the contralateral hemisphere (***p < 0.001). The increase in neutrophil number seen 24 h after c-MCAo (n = 8) in the ipsilateral hemisphere was not detected after sham operation (n = 5) (Mann-Whitney test, **p < 0.005). d Quantification of brain tissue neutrophil numbers obtained in the ipsilateral and contralateral hemispheres 1 day after il-MCAo (n = 8) or sham operation (sham) (n = 2). Two-way ANOVA by surgery (MCAo vs sham) and hemisphere followed by Bonferroni post hoc test shows a significant increase of neutrophils in the ipsilateral hemisphere after il-MCAo (*p < 0.05) between two groups were carried out with the Mann-Whitney U test. Cell numbers in human samples were compared with the Kruskal-Wallis test followed by the Dunn's Multiple Comparison test. Data were analyzed using GraphPad software.
Results
Neutrophils reach the ischemic territory after permanent ischemia in mice
The presence of neutrophils in the ischemic brain has been reported in experimental models of permanent ischemia [8, 22, 52] . After intracardiac perfusion of the mice, isolation of cells from the brain, and flow cytometry analysis, we found neutrophils in the ipsilateral hemisphere 24 h after permanent ischemia ( Fig. 1 ). Given that blood within the branches of the occluded vessels is not washed out after intracardiac perfusion of the animals, we first asked whether the stagnated blood was the source of neutrophils in the infarcted tissue. To answer this question we carried out flow cytometry in brain tissue samples at different time points after induction of permanent ischemia by c-MCAo (Fig. 1a) . The number of neutrophils (CD45 + CD11b + Ly6G + cells) in the ipsilateral hemisphere increased with time reaching a peak at 24 h (Fig. 1c) . This finding was not observed in the contralateral hemisphere or after sham operation (Fig. 1c) . For the intraluminal ischemia model (il-MCAo), FACS analysis of the ischemic tissue at 24 h also showed increased numbers of neutrophils compared with the contralateral hemisphere and compared with tissue of sham-operated mice (Fig. 1d) . Comparatively, neutrophils were less abundant after il-MCAo than after c-MCAo. c-MCAo requires invasive surgery involving partial craniectomy and causing a hole in the leptomeninges to access the MCA for direct occlusion. Although surgery might contribute to the local presence of neutrophils in the leptomeninges, sham operation, where all the surgical procedures excepting cauterization of the MCA were carried out, induced a negligible presence of neutrophils at 24 h (Fig. 1c) . To ensure that MCA cauterization was not the cause of neutrophil recruitment, we carried out direct occlusion of the MCA by means of a ligature. This procedure induced a large cortical infarction that was visually apparent when the brain was removed from the skull at 24 h, and abundant neutrophils were detected in the ipsilateral hemisphere by FACS (mean ± SEM number of cells per ischemic cortex = 21,234 ± 7,524, n = 3). Overall, this experiment showed that ischemia triggered neutrophil recruitment after direct occlusion of the MCA in the absence of reperfusion.
Neutrophils leave the circulation at the leptomeninges and invade perivascular spaces after c-MCAo
By confocal laser microscopy we found polymorphonuclear cells extravasated from leptomeningeal vessels, in the subpial space and on the parenchymal basal lamina of the ischemic cortex, and entering the Virchow-Robin spaces surrounding cortical vessels of the ischemic region 6 h after c-MCAo (Fig. 2a) . We then studied these cells by immunofluorescence using NIMP-R14 (Fig. 2b-l) and Ly6G ( Fig. 2m-t) antibodies. The NIMP-R14 antibody is widely used to study neutrophils, but in fact it recognizes Ly6G and also Ly6C, which is expressed not only by neutrophils but also by a subpopulation of monocytes and, therefore, can label infiltrating macrophages in addition to neutrophils. In contrast, the Ly6G+ cells are taken as neutrophils. Nonetheless, in the flow cytometry study we observed a subpopulation of Ly6G+ cells in the ischemic brain that were CD45+ but CD11b− (Fig. 1a) and, therefore, did not b-f NIMP-R14+ leukocytes cross the glia limitans (GFAP red, pan-laminin blue) in the ipsilateral hemisphere at 6 h (b) and 15 h (c, d), but they are not seen in the contralateral hemisphere (e, f). g NIMP-R14+ cells located underneath the parenchymal basal lamina (red pan-laminin) along the vessel wall in cortical layer I after 6 h of ischemia. Images z 1 -z 3 are confocal 1-μm-thick sections along the z axis. h-j NIMP-R14+ cells (arrowheads) are seen on the parenchymal basal lamina of the ischemic cortex and along the vessels in the superficial cortical layers (h). A detail of the cells on the parenchymal cortical basal lamina is shown in (i) and the cellular invasion to the perivascular space of the cortical arterioles located in the core of infarction is illustrated in (j). Red is pan-laminin; blue shows all the cell nuclei with To-Pro3. k NIMP-R14+ cells lie on the endothelial basal lamina (EBL, blue, α4-laminin) that surrounds the endothelium (E, red, Glut-1). l-m NIMP-R14+ cells accumulate in perivascular spaces (arrows) and extravasate to the parenchyma of the infarcted core (arrowheads) while erythrocytes (white in l) remain in the vessel lumen. Red is pan-laminin. n-o Ly6G+ neutrophils surrounding and outside a large leptomeningeal vessel (n), and extravasated from a leptomeningeal vessel (o). Erythrocytes (purple) are contained inside the vessel lumen. Blue is PDGFRβ. p, s Neutrophils in the infarcted core located in the perivascular space between the endothelial (red, α4-laminin, EBL) and the parenchymal (blue, pan-laminin, PBL) basal laminae of blood vessels containing erythrocytes (purple) 24 h after MCAO. q-r Neutrophils surround the basal lamina of blood vessels (red, pan-laminin) in perivascular spaces and are free in the parenchyma of the infarcted core (arrowheads). t-u Neutrophils in perivascular spaces of a cortical vessel (t) and a leptomeningeal arteriole (u), and free (arrowheads) in the infarcted parenchyma. Red is α4-laminin and blue is To-Pro3. The time after c-MCAo is indicated in each panel. Number of mice at 6 h, 15 h and 24 h are 3, 3, and 6, respectively. Bar scale a-g, i, k, m, p-u 10 μm; j, o 20 μm; h, n 50 μm
3
conform to the typical neutrophil phenotype. Although in immunofluorescence the Ly6G antibody could recognize both Ly6G+ CD11b+ (neutrophils) and Ly6G+ CD11b− cells, only 4.5 % of the total Ly6G+ cells were CD11b− at 24 h post-ischemia according to the FACS analysis. This result showed that the majority of the Ly6G+ cells detected by immunofluorescence at 24 h should be neutrophils.
NIMP-R14+ cells were detected extravasated from leptomeningeal vessels of the ipsilateral hemisphere from 6 h following c-MCAo. NIMP-R14+ cells were seen around the cortical glia limitans in the proximity of the ischemic territory, and surrounding superficial cortical blood vessels located in the ischemic region (Fig. 2b-d) , but not in the contralateral hemisphere (Fig. 2e, f) . In the ischemic cortical territory, NIMP-R14+ cells were located in the perivascular spaces between the parenchymal basal lamina and the endothelium (Fig. 2g, k) , and in many instances the shape of the cell nucleus was compatible with that of polymorphonuclear cells (e.g., Fig. 2g-z1) . At 24 h, NIMP-R14+ cells were abundant in the leptomeninges and on the parenchymal cortical basal lamina of the ipsilateral hemisphere (Fig. 2h, i) and invading the cavities of cortical arterioles located in the infarcted core (Fig. 2j ). They were also seen extravasated to the infarcted parenchyma (Fig. 2l, m) , while erythrocytes remained in the vessel lumen in the absence of overt hemorrhagic transformation (Fig. 2l) .
With the antibody against Ly6G (Fig. 2n-u) we identified positive cells outside leptomeningeal vessels and adjacent to the parenchymal basal lamina of the ischemic cortex (Fig. 2n,  o) . Ly6G+ cells were also seen in perivascular spaces of cortical vessels located between the parenchymal basal lamina (pan-laminin) and the endothelial basal lamina expressing α4-laminin (Fig. 2p, s) . The parenchyma basal lamina seemed to contain the Ly6G+ cells during the early hours after MCAo, as previously reported [18] . After 24 h, Ly6G+ cells were seen perivascularly and also extravasated to the parenchyma of the infarcted core, near the vessels (Fig. 2q , t, u) and mainly in superficial cortical layers (Fig. 2u) . Adhesion of intravascular NIMP-R14+ or Ly6G+ cells to postcapillary venules was occasionally observed, and these cells egressed to perivascular spaces and across the basal lamina ( Supplementary Fig. 3a-d) . In addition, we detected NIMP-R14+ and Ly6G+ cells in the lumen of occluded capillaries ( Supplementary Fig. 3e-f) , presumably corresponding to neutrophils stagnated in the vessels of the ischemic region.
Neutrophils after permanent intraluminal occlusion of the MCA (il-MCAo)
For comparative purposes we also studied the permanent il-MCAo model by confocal laser microscopy. Immunofluorescence showed NIMP-R14+ cells surrounding veins and arteries of the leptomeninges and on the cortical parenchymal basal lamina (Fig. 3a-c ) from 6 h onwards, and in the perivascular spaces of large cortical vessels mainly at the margins of the ischemic core from 15 h (Fig. 3d) . At 24 h, the NIMP-R14+ cells were observed not only perivascularly but also free in the cortical parenchyma in infarcted zones at the boundary of the infarcted core (Fig. 3e, f) . However, in the infarcted striatum, NIMP-R14+ cells were less abundant and were mainly located in the lumen of capillaries (Fig. 3g) . Although in some instances it was apparent that the nuclear morphology of the NIMP-R14+ cells was in compliance with that of neutrophils (e.g., arrowheads in Fig. 3d, e) ; we carried out a study using the neutrophil-specific Ly6G antibody. Ly6G+ cells were seen on the cortical parenchymal basal lamina (Fig. 3h, o) , the perivascular spaces of cortical vessels (Fig. 3i) , and extravasated from leptomeningeal vessels (Fig. 3j, k) . Some Ly6G+ cells were trapped in brain capillaries (Fig. 3l) , while others were found in the cortical perivascular spaces between the endothelial basal lamina (α4-laminin+) and the parenchymal basal lamina (Fig. 3m,  n) . Some Ly6G+ cells were seen in the cortical infarcted parenchyma (Fig. 3n, q) .
Comparative regional location of neutrophils between the c-MCAo and the il-MCAo models
In the c-MCAo model, the distal portion of the MCA is occluded resulting in a cortical infarction (Fig. 4a) .
Fig. 3 Neutrophils in the brain after permanent intraluminal MCAo (il-MCAo). a-g NIMP-R14 + cells (green) and h-q Ly6G+ cells (green)
. a-b NIMP-R14+ cells (arrowheads) are seen in the leptomeninges outside a vein (blue, α4-laminin) and an arteriole (red, Glut-1) at the ventral part of the brain and in the infarcted brain parenchyma. c A similar phenomenon is observed in this region after staining the glia limitans (red GFAP, blue pan-laminin). d-g NIMP-R14+ cells (blue are the nuclei; To-Pro3) are seen adjacent to the basal lamina (red, pan-laminin) of an arteriole in the dorsal cortex (d), nearby a small blood vessel (e), extravasated in the cortical parenchyma at the ventral part of the brain (f), and in the capillary lumen (g), where spread and punctuate staining is seen suggesting intravascular degranulation. h-j Ly6G+ neutrophils on the parenchymal basal lamina of the dorsal cortex (h), in perivascular spaces and lumen of a cortical arteriole (i), and in the ventral leptomeninges (j). Red (pan-laminin) shows the basal laminae, and blue shows the cell nuclei (To-Pro3). k-n Ly6G+ neutrophils are seen in the ventral leptomeninges (k), trapped in the lumen of a blood vessel in the ischemic striatum (l), and in perivascular spaces between the endothelial basal lamina (EBL red, α4-laminin) and the parenchymal basal lamina at the margins of the infarcted cortical region (PBL blue, pan-laminin) in the ventral part of the brain. o Ly6G+ neutrophils at the cortical parenchymal basal lamina (red pan-laminin) and in cortical layer I within the dorsal part of the brain at the margins of infarction. Cell nuclei are shown in blue (To-Pro3). p-q Neutrophils (arrowheads) along blood vessels in the dorsal cortex (p) and extravasated in the parenchyma in the ventral part of the brain (q). Red is α4-laminin and blue is pan-laminin. The time after il-MCAO is indicated in each panel. Number of mice at 6 and 24 h are 5 and 8, respectively. Bar scale in a 20 μm, b 15 μm, c 30 μm, d-q 10 μm Neutrophils were seen in the leptomeninges of the ipsilateral cortex and in the infarcted tissue, but were not detected in neighboring non-infarcted tissue (Fig. 4b, c) . In the ilMCAo model, the MCA is occluded at its origin in the circle of Willis and the resulting infarction affects the cortex and the striatum (Fig. 4d ). In this model, neutrophils were seen within the infarcted cortex and were more prominent at the boundaries of the cortical infarction than in the core. They were seen in cortical perivascular spaces and extravasated to the parenchyma in ventral and dorsal parts of the cortex (Fig. 4e-h ). In the striatum, which lacks collateral flow, most Ly6G+ cells were located in the vessel lumen and extravasation to the infarcted parenchyma was very rare (Fig. 4i) . Occasionally, a few neutrophils were seen in the choroid plexus and the surrounding white matter (Fig. 4j) .
Neutrophils showed signs of activation in the ischemic brain
Neutrophils have granules containing proteases, such as neutrophil elastase ( Supplementary Fig. 4 ). Upon activation, these enzymes are released to the extracellular environment after neutrophil degranulation. As part of their antimicrobial function, neutrophils are known to project extracellular traps (NETs) releasing enzymes, histones, and DNA out of the cells, and die through a distinctive process called NETosis [2] . Prior to releasing NETs, neutrophil enzymes access the cell nucleus and promote chromatin decondensation [42] involving histone modifications. Histone citrullination is believed to be a hallmark of NET formation [49] . To identify signs of NET formation in the ischemic brain, we used an antibody against citrullinated histone 3 (Cit-H3). No Cit-H3-positive reactions were seen in the control brain or in the contralateral hemisphere (not shown). However, in both experimental MCAo models some neutrophils showed Cit-H3-positive labeling (Fig. 4) . Cit-H3 neutrophils became apparent after 24 h of ischemia but were rare at earlier time points. Cit-H3 + neutrophils were located in perivascular spaces (Fig. 4a) , in the brain parenchyma nearby blood vessels (Fig. 5b) , and in the lumen of capillaries (Fig. 4c) . In the c-MCAo model, we estimated that about 15-20 % of the neutrophils were Cit-H3+ at 24 h, and were found in all of the different locations described above. However, in the il-MCAo model, most of the Cit-H3+ neutrophils were located intravascularly, particularly in the striatum.
By examining the DNA in the Cit-H3-positive neutrophils (Ly6G+) we found some evidence of NET formation in the ischemic cortex at 24 h (Fig. 4d-h ). Certain Ly6G+ neutrophils showed the presence of DNA (DAPI) and Cit-H3 surrounding the cell body, suggesting projection of DNA and histones to the extracellular milieu (Fig. 4d) .
Other Cit-H3+ neutrophils lost their typical lobular nuclei and showed diffuse DNA staining indicative of chromatin decondensation (Fig. 4e) . Extracellular DNA and histones were also observed adjacent to neutrophils located inside the capillary lumen (Fig. 4f) . Occasionally NET-like structures were seen surrounding pericytes (PDGFRβ+) (Supplementary Fig. 5 ), suggesting that NETs might damage components of the BBB. Altogether, the confocal images strongly supported that after prolonged ischemia some neutrophils can expel DNA and other intracellular components out of the cells indicative of NET formation.
We searched for some evidence of caspase-dependent apoptosis by immunostaining for active caspase-3. Caspase-3+ cells were detected in the ischemic tissue but they did not co-localize with neutrophil markers (not shown). Although we cannot exclude that neutrophils undergoing cell death might down-regulate the typical membrane markers preventing their identification, our results provide evidence of NETosis and do not support that caspasedependent apoptosis is involved in neutrophil death during the first 24 h of ischemia.
Neutrophils in the postmortem brain of stroke patients
We investigated the brain of three stroke patients that died within 1-5 days after stroke onset (see Table 2 for clinical case description and Supplementary Fig. 1 for illustration of intracranial occlusion sites). In all of the patients, conventional histological staining (hematoxylin and eosin) of and ventral (g, h) parts of the cortex, where neutrophils are seen associated to the parenchymal basal lamina or vessels (arrows), and are also seen free in the parenchyma (arrowheads). Neutrophils in the striatum (i) are mainly seen inside the vasculature (i1, i2) and only very rarely they are free in the infarcted striatal parenchyma (arrowhead in i3). Occasionally, neutrophils (arrowheads) are seen in the choroid plexus (arrow) (j1) and surrounding white matter (j2) in mice with very large infarctions. Bar scale 30 μm (excepting in e1, e3, g1, i2, i3, and j2 15 μm)
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paraffin-embedded brain sections showed the presence of polymorphonuclear cells with typical features of neutrophils in the leptomeninges surrounding the ischemic tissue (Fig. 6a, e, g ), but not in the leptomeninges located in distant non-affected areas (Fig. 6b) . In the ischemic tissue, polymorphonuclear cells were found in perivascular spaces of brain vessels (Fig. 6c, d, f, h ) and, to a lesser extent, free in the infarcted parenchyma (Fig. 6d, f, h ), particularly at the boundaries of the infarcted tissue. Immunostaining of paraffin sections with myeloperoxidase (MPO) showed positive cells in the leptomeninges and the ischemic tissue, where they were seen inside the vessels, in perivascular spaces, and to a lesser extent, in the parenchyma (Supplementary Fig. 6 ).
Cryostat sections were stained for neutrophil elastase (NE) together with laminin. We observed NE + cells in three different locations, i.e., intravascular (Fig. 7a) , perivascular (Fig. 7b), and extravascular (Fig. 7c, d ). MPO and NE co-localized in the same cells (Fig. 7e) . We counted the numbers of NE+ cells in each of the above locations (Fig. 7f-h ) within different brain regions: the core of infarction, the periphery, and a control non-affected region distant from the infarction, and in the leptomeninges surrounding ischemic and non-affected zones. The number of intravascular NE+ cells (Fig. 7f) was higher in the infarcted tissue and surrounding the leptomeninges than in the corresponding non-affected regions, but differences were only statistically significant for the leptomeninges (Fig. 7f) . NE+ cells were also seen in perivascular spaces (Fig. 7g ) and, to a lesser extent, free in the parenchyma within the infarct (Fig. 7h) ; but differences did not reach statistical significance when compared to the non-affected (control) regions presumably due to the small number of patients and intra-group variability. Extravasated NE+ cells were detected in the leptomeninges surrounding the ischemic tissue, with statistically significant differences compared to distant leptomeninges (Fig. 7h) .
Discussion
Neutrophils play an essential function in building up a rapid innate immune response against invading pathogens, but can also damage the tissues due to their high proteolytic enzyme content and capacity of generating reactive oxygen intermediates [27] and activating the complement system [41] . Therefore, neutrophil activation must be tightly regulated to avoid uncontrolled release of its intracellular content. Leukocyte access to the brain is prevented by the BBB, but under pathological conditions leukocytes can adhere to activated post-capillary venules and infiltrate the brain parenchyma across the BBB [17] . However, in ischemic stroke, blood flow is arrested and peripheral leukocytes cannot reach the ischemic territory through the circulation, unless they accessed it through collateral blood vessels, peripheral regions, or after the occluded vessels are reperfused. This is why it is generally believed that neutrophils play a more prominent role in ischemia/reperfusion than in permanent ischemia. In this study we found that the numbers of neutrophils present in the ischemic territory increased with time after permanent MCAo in rodents, in agreement with previous studies [8, 22] . Although we found evidence of neutrophil adhesion to the walls of postcapillary venules, we report that a major pathway through which neutrophils can invade the ischemic tissue during the arterial occlusion is via leaving the circulation at the leptomeningeal vessels. Neutrophils were seen in perivascular spaces of cortical arterioles. Inflammatory cells in the subarachnoid space are able to cross the pia matter and access the subpial space under certain pathological conditions [28] . From the subpial space the cells can reach the parenchymal basal lamina of the cortex and the perivascular spaces of cortical arterioles, since the Virchow-Robin space is communicated to the subpial space [28, 37, 54] . A previous intravital microscopy study showed the presence of rolling and adherent leukocytes in pial venules and in arterioles of the ischemic tissue after permanent focal cerebral ischemia in mice [33] . Our study identified neutrophils in these locations but has the limitation that the results were obtained from static microscopic images. In vivo imaging studies will be required to provide a full demonstration of the impact of this trafficking pathway in neutrophil recruitment after stroke. The presence of polymorphonuclear cells in the subarachnoid space, as assessed by classic histology, was reported after permanent intraluminal MCAo in rats [22] , and a previous study in mice found Ly6G+ neutrophils in the leptomeninges and perivascular spaces after ischemia/reperfusion in mice [18] . Our results confirm the latter findings showing that the perivascular spaces are a niche for neutrophils after brain ischemia, and extend the findings to the situation of permanent ischemia showing that neutrophil extravasation at the leptomeninges provides a pathway for neutrophil recruitment to the ischemic cortical territory in the absence of reperfusion.
Typically, bacterial meningitis causes massive neutrophil infiltrates in the leptomeninges and intraparenchymal vasculitis is characterized by perivascular neutrophil infiltration [28, 35] . Although the effect is comparatively much more modest after stroke, some underlying molecular mechanism could be similar. Indeed, neutrophils sense the presence of pathogens but they also respond to danger signals and chemoattractants under sterile inflammation [7] . After stroke, chemokines and danger signals are released to the extracellular space [6, 30] . Interstitial fluid can drain through the perivascular spaces of cortical arterioles towards the leptomeninges and out of the brain [5, 11, 25, 50] . However, perivascular drainage appears to be mediated by arterial vessel pulsations [26] and it was found to be impaired during experimental ischemia [3] . This finding suggests that during ischemia the perivascular spaces of cortical arterioles might accumulate signals capable of attracting neutrophils. We found neutrophils in perivascular spaces of cortical ischemic regions but not in the infarcted striatum. The anatomy of the periarterial spaces in the basal ganglia differs from that in the cerebral cortex [44] , and the terminal vessels supplying blood to the subcortical regions lack collateral blood flow with adjacent arteries. In contrast, pial arterioles on the cortical surface form a rich anastomotic network. Regional differences in the anatomic structure of the specific vascular beds may condition the process of interstitial fluid drainage and the regional capacity to allow trafficking of inflammatory cells during the arterial occlusion.
Neutrophils progressively accumulated in the perivascular spaces as the duration of ischemia increased and the parenchymal basal lamina seemed to act as a containment barrier preventing the free passage of the neutrophils to the parenchyma, as was previously reported after ischemia/ reperfusion [18] . However, after long periods of ischemia, we detected neutrophils extravasated to the cortical parenchyma, as previously described by classical histology after 12 h of permanent intraluminal MCAo in rats [22] . Although isolated erythrocytes were occasionally detected in the parenchyma within the infarcted core at 24 h likely due to capillary damage, the presence of neutrophils in the cortical parenchyma was observed in the absence of hemorrhagic transformation. Activated neutrophils cause vascular damage by generating oxidative stress [27] and complement activation [47] , and neutrophil elastase enhances vascular permeability and is involved in ischemic brain damage [48] . It is feasible that perivascular neutrophils accessed the parenchyma after some of them suffered NETosis, involving the loss of their typical nuclear morphology, release of their content and cell death [2, 42] . Although the triggers of such changes are currently unknown, sustained hypoxia, or extravasation of plasma components or erythrocytes might play a role. Neutrophils were also found in the capillary lumen within the ischemic area in the cortex and striatum, likely remaining in the blood stagnated in the vessels after the arterial occlusion. After prolonged periods of ischemia, these intraluminal neutrophils also showed signs of NETosis. NETs formed in the blood promote coagulation and thrombosis [20, 38] . Therefore, intravascular NETosis might induce secondary microthrombosis. These events might be relevant for delayed restoration of reperfusion when the duration of ischemia is long enough to allow intravascular NETosis to take place, and could contribute to the no-reflow phenomenon.
In this study, neutrophils were more abundant after c-MCAo than after il-MCAo. Although this observation could suggest that the surgery was involved in attracting neutrophils, such an effect was not seen after sham operation, pointing to brain ischemia as the driver of neutrophil recruitment. Experimental stroke models normally involve surgery causing mechanical injuries to the tissues or arteries that could contribute to neutrophil recruitment. Alternatively, neutrophils can strongly respond to post-surgical local infection. However, neutrophils were found in the ischemic brain after taking high precaution in sterilizing surgical material and working under clean conditions, and they were focally localized in the ischemic zone. Furthermore, the mild functional deficits [43] and good general status of the mice after c-MCAo argue against the possibility of meningeal infection. Several differences in the ischemia models might account for the differences in neutrophil infiltration. il-MCAo induces occlusion of the entire MCA tree, while only the distal portion of the MCA is occluded in the c-MCAo model. Therefore, the leptomeningeal branches of the proximal portion of the MCA are patent after c-MCAo and can supply neutrophils to the anastomotic network of pial arteries near the cortical infarction. In contrast, in the il-MCAo model, the access of neutrophils to the leptomeninges of the ischemic territory would be limited to possible anastomoses of pial arterioles with branches from the external carotid artery and with collateral vessels from other arterial trees. Another important difference between these experimental models is the intracranial pressure that can develop after il-MCAo due to edema, which is comparatively negligible after c-MCAo as a consequence of partial craniectomy. It is possible that increased edema and intracranial pressure in this model would impair neutrophil trafficking to the core of the cortical ischemic region.
In human stroke, we identified the presence of polymorphonuclear cells in the leptomeninges proximal to infarction and in perivascular spaces of the ischemic tissue, but not in the non-affected territories. Cells with the characteristic morphology of neutrophils carrying the typical enzymes MPO and neutrophil elastase were seen in perivascular spaces of the infarcted tissue and to a lower extent extravasated from the vessels, but their numbers were comparatively more discrete than in the surrounding leptomeninges. In the human cases we have some evidence of permanent arterial occlusions but we are not certain about the precise status of blood flow at the time of death since imaging studies for research purposes cannot often be performed in critical stroke patients. This fact may be an important confounding factor given that, from the animal results, we would only expect substantial neutrophil infiltration to the parenchyma through the leptomeninges pathway after prolonged periods of ischemia. Nevertheless, the majority of patients that do not recanalize in the acute phase of stroke have long-lasting occlusions [39, 46, 51] . Although the small number of stroke patients and the heterogeneity of the infarcted territories are limitations of this study, we detected neutrophils in the leptomeninges proximal to the infarction in all the patients. This finding is a proof of concept that our experimental results could be relevant to human stroke.
In summary, we showed that during MCAo, neutrophils reached cortical brain territories devoid of blood flow after extravasating from leptomeningeal vessels surrounding the infarcted tissue and reaching the cortical parenchymal basal lamina as well as the perivascular spaces of cortical arterioles. After prolonged periods of ischemia, neutrophils became activated showing signs of NET formation inside the vessel lumen and around the blood vessels suggesting that the neurovascular unit is a target of action of neutrophils in stroke. The presence of neutrophils in the leptomeninges surrounding the infarcted regions was confirmed in postmortem human brain tissue supporting that this pathway is also relevant for neutrophil recruitment in human ischemic stroke. c Elastase + cells extravasated at the meninges proximal to the ischemic tissue (arrow). d Elastase + cells extravasated from a vessel (arrow). e Double staining with neutrophil elastase and myeloperoxidase (MPO) show colocalization in the same cell. a is from patient number 2; b is from patient number 3; c-e are from patient number 4. f-h Quantification of the number of neutrophil elastase + cells per area in brain sections according to their intravascular, perivascular, or extravascular localization shows the values corresponding to a control non-affected region, the periphery of infarction, and the core of infarction, as well as the zone of the leptomeninges proximal to the core (ischemic) or to a non-affected region (control). Values are expressed as the mean ± SEM for n = 3 patients. There was a nonsignificant trend to higher neutrophil elastase + cell numbers/area in the core region versus the corresponding control region. A significant increase in neutrophil elastase + cell numbers/area was found in the meninges adjacent to the ischemic tissue versus the meninges adjacent to the non-affected brain tissue. *p < 0.05. Bar scale 10 μm
